Objective: In males, the pubertal increase in sex hormone production has been associated with proatherogenic changes in lipid and carbohydrate metabolism. Aromatase inhibitors, a novel treatment modality for some growth disorders, may significantly influence these risk factors for cardiovascular disease by suppressing oestrogen biosynthesis and stimulating gonadal androgen production. In the current study, we explored the effects of aromatase inhibition on lipid metabolism, insulin sensitivity, body composition and serum adiponectin in peripubertal boys. Design: Prospective, double-blind, randomised, placebo-controlled clinical study. Methods: Thirty-one boys, aged 9.0-14.5 years, with idiopathic short stature were treated with the aromatase inhibitor letrozole (2.5 mg/day) or placebo for 2 years. During the treatment, the concentrations of sex hormones, IGF-I, lipids, lipoproteins and adiponectin were followed-up. The percentage of fat mass (FM) was assessed by skinfold measurements and insulin resistance by homeostasis model assessment (HOMA) index. Results: In pubertal boys, who received letrozole, high-density lipoprotein cholesterol (HDL-C) decreased by 0.47 mmol/l (P!0.01) during the study. Simultaneously, their percentage of FM decreased from 17.0 to 10.5 (P!0.001), in an inverse relationship with serum testosterone. The concentrations of low-density lipoprotein cholesterol, triglycerides and HOMA index remained at pretreatment level in both groups. Serum adiponectin decreased similarly in letrozole-and placebotreated pubertal boys (2.9 and 3.3 mg/l respectively). Conclusions: In males, aromatase inhibition reduces HDL-C and decreases relative FM after the start of puberty. The treatment does not adversely affect insulin sensitivity in lean subjects.
Introduction
During male puberty, concomitant with hormonal and physical changes, lipid and carbohydrate metabolism changes to a proatherogenic direction. In particular, high-density lipoprotein cholesterol (HDL-C) concentration and insulin sensitivity decrease (1) (2) (3) . This reduction in HDL-C has been attributed mainly to a coinciding increase in testosterone secretion (4) , while the transient development of insulin resistance appears to be more dependent on augmented growth hormone (GH) secretion (2, 5) .
Pubertal hormonal changes are strongly modulated by aromatase inhibitors. By reducing oestrogen biosynthesis, they delay bone maturation; therefore, these compounds have been used in the treatment of various growth disorders such as familial male limited precocious puberty (6) , congenital adrenal hyperplasia (7) , McCune-Albright syndrome (8) , constitutional delay of growth and puberty (9) and idiopathic short stature (ISS) (10) . Suppression of oestrogen biosynthesis is followed by an increase in gonadotrophin and gonadal androgen secretion in pubertal boys (11) , and attenuation of the pubertal oestrogen-dependent stimulation of the GH-insulin-like growth factor I system (9, 10) . Thus, in males during puberty, aromatase inhibitors could decrease HDL-C and improve insulin sensitivity (12) . However, findings in men with congenital oestrogen deficiency suggest that prolonged lack of oestrogen effects, in the presence of normal or high testosterone concentration, predisposes both to impaired lipid profile and insulin resistance at an early age (13) (14) (15) . Inhibition of aromatase activity in males may thus predispose to features of metabolic syndrome. The effects of aromatase inhibition on lipid and carbohydrate metabolism during adolescence have been inadequately characterised.
In the current prospective, randomised, double-blind trial, we studied the effects of aromatase inhibition on lipid metabolism, insulin sensitivity and body composition in boys during prepuberty and progression of puberty. In addition, we investigated whether modulation of the sex hormone environment by aromatase inhibition influences the adipocytokine adiponectin, low levels of which are associated with insulin resistance (16) , reduced HDL-C level (17) and signs of early atherosclerosis (18) . The study cohort included 31 healthy initially peri-or early-pubertal boys with ISS, who were treated with the aromatase inhibitor letrozole (Lz), or placebo (Pl), for 2 years in an attempt to increase adult height.
Materials and methods

Subjects
As previously described (10) , the study population comprised short boys examined and followed-up for ISS at the outpatient clinic for paediatric endocrinology at the Hospital for Children and Adolescents, University of Helsinki, Finland. Inclusion criteria for the study were: calendar age of 9.0-14.5 years and height at least 2 S.D. below the mean for age or at least 2 S.D. below midparental target height. Only boys with a bone age of 14 years or less were recruited. GH deficiency was ruled out by a GH stimulation test for those with slow growth velocity or subnormal serum insulin-like growth factor-I (IGF-I) or IGF binding protein 3 (IGFBP-3) concentrations. Between May 2001 and May 2002, 31 boys with ISS were enrolled, but after 6 months of treatment one boy receiving Pl was diagnosed with diabetes mellitus and excluded. During the study period, none of the patients received any medication, other than Lz, known to affect lipid or carbohydrate metabolism.
Study design
The boys were randomised in a double-blind manner to receive either Lz (Femar, Novartis AG), 2.5 mg orally once daily, or Pl orally once daily for 2 years. The investigators and the subjects were blinded to treatment assignment until the end of follow-up. The boys were examined at entry and every 6 months thereafter during the 2-year treatment. Follow-up visits included a physical examination, performed by the same physician (M Hero) on all the occasions. Stage of puberty was evaluated according to Tanner (19) . Height was measured on a Harpenden stadiometre with 0.1 cm precision. The amount of fat mass (FM) relative to total body mass (percentage of FM) was evaluated by six skinfold measurements, as previously described (20) . A measure of insulin resistance, the homeostasis model assessment (HOMA) index, was calculated as follows: HOMA indexZ(fasting insulin (mU/l)!fasting glucose (mmol/l))/22.5 (21) .
In a previous study, we showed that, in pubertal boys, Lz treatment enhances gonadotrophin secretion by reducing the level of oestrogen-mediated negative feedback (11) . Consequently, Lz expedites testicular growth and enhances testosterone secretion after the onset of puberty. As previously reported (10) , this was also apparent in the pubertal boys of the current study ( Fig. 1A ). Augmented testosterone secretion in Lz-treated boys resulted in slightly faster progression of puberty compared to that of Pl-treated boys, as suggested by higher Tanner pubic hair (P) stage of puberty at 12 (P!0.05), 18 (P!0.05) and 24 months (PZ0.06) in those treated with Lz (Table 1) . No significant differences in Tanner genital (G) stages of puberty appeared between the treatment groups during follow-up. Despite the more rapid progression of puberty, the puberty-associated increase in IGF-I concentration in pubertal Lz-treated boys was inhibited (Fig. 1C ), most probably reflecting decreased GH secretion. Due to the divergent effects of Lz on testosterone secretion before and after the onset of puberty, we also wanted to analyse the treatment effect separately in prepubertal and pubertal boys. Therefore, the boys were further subdivided into two groups: those who remained prepubertal (testis volume %2 ml) throughout the followup, and those who entered puberty (testis volume O2 ml) within 18 months after the start of treatment. According to these criteria, 7 of 16 and 6 of 14 boys remained prepubertal, and 9 of 16 and 8 of 14 progressed into puberty in the Lz and Pl groups respectively.
The study protocol was approved by the Ethics Committee of the Hospital for Children and Adolescents, and by the National Agency for Medicines. Before the initiation of treatment, written informed consent was obtained from the boy and his guardian(s).
Biochemical measurements
Venous blood samples were drawn between 0730 and 1000 h. Concentrations of lipids and IGF-I were determined directly after each follow-up visit, and the concentrations of testosterone and oestradiol from sera stored at K20 or K70 8C until required. Serum testosterone concentrations were determined with a modified RIA (Spectria Testosterone RIA, Orion Diagnostica) accredited by Swedac (no 1899), as described previously (22) . Serum oestradiol concentrations were quantified with an accredited (as above) modified RIA (Spectria E2, ORION Diagnostica, Espoo, Finland) with a detection limit of 4.5 pmol/l, as described perviously (23) . Concentrations of serum IGF-I were quantitated with RIA (DiaSorin, Stillwater, Minnesota, USA). Serum total cholesterol and triglycerides were determined by enzymatic methods (Hoffman-La Roche kits 0722138 and 0715166 Basel, Switzerland). Serum HDL-C and subfractions were quantified by phosphotungastic acid/ magnesium chloride precipitation procedures (Hoffman-La Roche kit 0720674). Serum low-density lipoprotein cholesterol (LDL-C) was calculated by the Friedewald formula (24) . Concentrations of apolipoprotein AI (Apo AI), apolipoprotein AII (Apo AII) and apolipoprotein B (Apo B) were measured by immunoturbidometric methods with commercial kits (Boehringer-Mannheim, Mannheim, Germany). Serum insulin concentrations were measured with a fluoroimmunometric assay (AutoDelfia Insulin, Wallac, Turku, Finland) and serum adiponectin concentrations with a sandwich ELISA-based assay (Human Adiponectin ELISA Kit, B-Bridge International, Inc., San Jose, USA). Lipoprotein (a) (Lp(a)) levels were determined with a turbidimetric immunoassay (Lp(a)-HA WAKO Chemicals GmbH, Neuss, Germany). Blood glucose values were quantified with amperometric glucose oxidase method (EBIO Compact, Eppendorf, Hamburg, Germany).
Statistical analysis
Two-sided tests of hypotheses were used and a P-value! 0.05 was considered significant. Values are expressed as meanGS.D., unless otherwise stated. The analyses were conducted with SPSS statistical software for Windows, release 10.0 (SPSS, Inc., Chicago, Illinois, USA). Betweengroup differences in baseline characteristics were evaluated by the Mann-Whitney U-test (Tanner stages) and the t-test (others). In pubertal boys, within-group changes in weight, in body mass index (BMI), in percentage of FM, and in biochemical markers were analysed by repeated measures ANOVA, using log-transformed data when appropriate. In prepubertal boys, the Wilcoxon signed ranks test was employed to analyse changes in biochemical parameters and body composition. Between-group differences in pubertal stages were analysed by the Mann-Whitney U-test. Repeated measures ANOVA was used to analyse the interactions between received treatment (Lz/Pl) and lipids, treatment and HOMA index, stage of puberty (prepubertal/pubertal) and lipids, and stage of puberty and HOMA index. The effects of BMI, percentage of FM, testosterone, oestradiol, IGF-I and adiponectin on HDL-C and HOMA index during the treatment were evaluated with repeated measures ANOVA with 2-year changes in the variables mentioned above as covariates. Spearman correlation coefficient was used in analysis of correlations.
Results
At baseline, no significant differences between treatment groups appeared in age, weight, BMI, percentage of FM or pubertal maturation (Table 1) . Table 1 Baseline characteristics and stage of puberty after 2 years of treatment, in the prepubertal and pubertal subgroups of boys with idiopathic short stature (ISS) randomised to receive letrozole (Lz) or placebo. Those remaining prepubertal throughout follow-up were classified as prepubertal; those entering puberty within 18 months after the start of follow-up were classified as pubertal. Values are mean (S.D.), except for Tanner genital (G) and pubic hair (P) stages of puberty, which are medians (range).
Prepubertal boys
Pubertal 
Lipids and lipoproteins
In Lz-treated boys, a significant decrease in HDL2-C (from 0.50 to 0.32 mmol/l, P!0.01), Apo AI (from 140 to 116 mg/dl, P!0.001) and Apo AII (from 40.1 to 32.0 mg/dl, P!0.01) occurred during the study. Similarly, HDL2-C (from 0.62 to 0.50, PZ0.09), Apo AI (from 146 to 129 mg/dl, P!0.01) and Apo AII (from 39.7 to 31.4 mg/dl, P!0.001) decreased in boys receiving Pl. No changes in other lipids or lipoproteins were evident. Including all patients in the analysis, no significant interactions between received treatment and lipids or lipoproteins were found. Instead, an interaction between HDL-C and puberty (P!0.05), and between Lp(a) and puberty (P!0.05) was detected. Given that changes in concentrations of sex hormones occurred only in boys entering puberty during the study period ( Fig. 1) , we next evaluated the effects of the treatment in the subgroup of pubertal subjects.
In pubertal boys receiving Lz, HDL-C decreased by 0.47 mmol/l (P!0.01) in 2 years ( Fig. 2A) , a reduction particularly apparent in the HDL2-subclass (Fig. 2B) ; HDL-C of the Pl-treated pubertal boys did not change significantly. A significant interaction existed between HDL-C and received treatment (P!0.05). Concomitant to decrease in HDL-C, Apo AI concentration decreased markedly in Lz-treated pubertal boys, but did not change significantly in the Pl-treated boys (Fig. 2D ) (mean decreases 38 vs 13 mg/dl respectively, P!0.0001). Apo AII concentration decreased in pubertal boys of both groups (Fig. 2E) , and the magnitude of the change was similar (10 vs 9 mg/dl respectively). Concentrations of total cholesterol, LDL-C, Apo B and triglycerides remained at pretreatment level throughout the study period in pubertal boys of both groups ( Table 2) . Lp(a) decreased only in Lz-treated pubertal boys ( Table 2 ).
The 2-year changes in BMI, percentage of FM, testosterone, oestradiol and adiponectin were selected as potential predictors of lipid concentrations during treatment. Among Lz-treated subjects, including both prepubertal and pubertal boys, these predictors were interrelated: a strong negative correlation existed between change in testosterone and change in percentage of FM (rZK0.76, P!0.01), and a positive correlation between change in adiponectin and change in percentage of FM (rZ0.60, P!0.05). In addition, change in testosterone showed a negative correlation with change in adiponectin, which failed to reach significance (rZK0.47, PZ0.07). We next evaluated the contribution of each predictor to the regulation of HDL-C with repeated measures ANOVA, using one predictor at a time as a covariate. Among Lz-treated boys, a significant interaction occurred between change in percentage of FM and HDL-C during treatment (P!0.01), and between change in testosterone and HDL-C (PZ0.01). In addition, the change in adiponectin showed a borderline interaction with HDL-C (PZ0.05). Correspondingly, the changes in percentage of FM (rZ0.67, P!0.01), testosterone (rZK0.55, P!0.05), and adiponectin (rZ0.51, P!0.05) all correlated significantly with the treatment-induced change in HDL-C; the unexpected positive correlation between changes in percentage of FM and HDL-C may reflect a suppressing effect of testosterone on both factors. In line with findings in HDL-C, the changes in percentage of FM (rZ0.82, P!0.001), testosterone (rZK0.56, P!0.05), and adiponectin (rZ0.55, P!0.05) all correlated with the treatment-induced change in Apo AI. Changes in oestradiol and BMI, as evaluated by repeated measures ANOVA, had no significant influence on HDL-C level during follow-up.
No significant interactions between LDL-C level and the selected predictors (2- year changes in BMI, percentage of FM, testosterone, oestradiol or adiponectin) appeared in Lz-treated boys. Similarly, no interactions appeared between triglyceride concentration during treatment and the above-mentioned predictors. However, the change in testosterone correlated negatively with the change in Lp(a) in Lz-treated boys (rZK0.86, P!0.01).
Body composition and carbohydrate metabolism
Including all subjects in the analysis, no significant changes in percentage of FM were detected, whereas BMI increased by 1.8 (P!0.0001) and 1.5 kg/m 2 (P!0.0001) during the treatment in Lz and Pl groups respectively. No interaction occurred between BMI and received treatment or between percentage of FM and received treatment. HOMA index remained at pretreatment level during the study in both groups. Further, no interaction between HOMA index and received treatment or between HOMA index and pubertal maturation was found.
We next analysed the effects of the treatment in pubertal boys. Weight and BMI increased similarly in Lz-and Pl-treated pubertal subjects, whereas the percentage of FM decreased only in those who received Lz (Table 3) . No significant changes in concentrations of fasting blood glucose, insulin or in HOMA index occurred during treatment in either group (Table 3) . Moreover, no blood glucose or insulin values above normal were evident in any patient. No significant interaction appeared between treatment (Lz/Pl) and HOMA index or insulin level, as analysed by repeated measures ANOVA. Using the 2-year changes in BMI in percentage of FM, testosterone, oestradiol, IGF-I and adiponectin as covariates, no interactions with HOMA index were detected (PZ0.16-0.62). Serum adiponectin level decreased similarly in Lz-and Pl-receiving pubertal boys during the study period (Table 3 ; 2.9 and 3.3 mg/l respectively).
Serum alanine aminotransferase concentrations remained at their pretreatment levels in both treatment groups (data not shown), and no abnormal values were evident in any patient at any point.
Prepubertal boys
Boys who remained prepubertal throughout the study showed no changes in concentrations of sex hormones (data not shown). In prepubertal boys treated with Lz, total cholesterol increased slightly during the 2 years of treatment (from 4.0 to 4.5 mmol/l, P!0.05), with no significant changes in LDL-C (from 2.2 to 2.5 mmol/l) or HDL-C (from 1.6 to 1.8 mmol/l). Simultaneously, their BMI increased from 16.3 to 17.8 kg/m 2 (P!0.05) and percentage of FM from 14.6 to 18.6 (P!0.05), whereas no changes were apparent in HOMA index (0.8 and 1.0 at 0 and 24 months), or adiponectin (11.0 and 11.3 mg/l at 0 and 24 months). In prepubertal Pltreated boys, cholesterol, HOMA index and adiponectin levels remained unchanged, with a slight increase in BMI (data not shown).
Discussion
In males, after the onset of puberty, treatment with the aromatase inhibitor Lz produces a hormonal milieu characterised by high testosterone and low oestradiol concentrations, and a clinically significant reduction in HDL-C level. This finding is in accord with our recent findings on Lz treatment in boys with delayed puberty, in whom Lz reduced HDL-C in an inverse relationship with testosterone (12) . Studies with another thirdgeneration aromatase inhibitor, anastrozole, have reported conflicting results. Anastrozole does not appear to influence lipid profile, fasting blood glucose or insulin levels in healthy (25) or GH-deficient (26) adolescent boys. The reason for these differing findings with the two compounds is unclear, but this may reflect the greater potency of Lz to inhibit oestrogen synthesis and consequently, to increase androgen secretion (27) .
In our Lz-treated boys, the change in HDL-C was negatively associated with change in testosterone, and was positively associated with change in adiponectin, supporting a role for these hormones in regulation of HDL-C during puberty. In support of the role of testosterone, androgens are known to enhance HDL-C catabolism by increasing hepatic lipase activity, especially during simultaneous suppression of oestrogen production (28) . This would also explain why Lz treatment influenced HDL2-C and Apo AI concentrations in particular, because large HDL species are the preferred substrates of hepatic lipase (28, 29) . Oestrogen suppression probably did not contribute to our subjects' reduction in HDL-C, since the concentration of oestradiol was not associated with the fall in HDL-C in Lz-treated boys. Furthermore, the change in testosterone: oestradiol ratio was not more strongly correlated with the change in HDL-C than the change in testosterone was (data not shown).
The positive association between change in adiponectin and change in HDL-C in Lz-treated boys suggests that also adiponectin contributes to the regulation of HDL-C level in pubertal males. Indeed, studies show that adiponectin is positively associated with HDL-C in nondiabetic individuals (30), patients with type-2 diabetes (31) and, according to a recent report, in obese children and adolescents (32) . This association between adiponectin and HDL-C has typically remained after controlling for differences in BMI and measures of FM. However, the mechanism by which adiponectin may influence HDL-C is largely unknown. One potential mechanism is that adiponectin directly enhances the synthesis of Apo AI via stimulation of PPARa expression (16) . Alternatively, low adiponectin may enhance HDL-C catabolism by stimulating hepatic lipase (33) .
The concentrations of LDL-C, Apo B and triglycerides did not change in our pubertal boys of either treatment group during the study period, despite the marked increase in testosterone concentration in Lz-treated boys, and increases in both testosterone and oestradiol in Pl-treated boys. This finding strongly argues against significant sex hormone-related regulation of LDL-C and triglycerides in boys during early-and mid-puberty, and corresponds to the findings in other studies of aromatase inhibitor treatment in males during adolescence (12, 25, 26) . However, concentrations of Lp(a) decreased in pubertal boys during treatment with Lz, and the change in Lp(a) showed a strong negative correlation with the change in testosterone. Since the concentrations of oestradiol and IGF-I remained unchanged, this finding supports the view that, in adolescent males, testosterone reduces Lp(a) concentration directly, not by its conversion to oestrogen. Further supporting this concept, administration of testosterone to adult males appears to reduce Lp(a), independently of oestrogen (34) . Since Lp(a) level is considered an independent risk factor for coronary heart disease (35) , this negative association between testosterone and Lp(a) suggests that androgens also have direct beneficial effects on lipid metabolism during puberty. In pubertal boys, Lz treatment was associated with several metabolic and physical changes that potentially influence insulin sensitivity: serum testosterone increased substantially; relative FM decreased markedly in an inverse relationship with testosterone; and suppression of GH secretion occurred, as suggested by the opposite changes in IGF-I in the Lz-and Pl-groups. The net effect of these changes on carbohydrate metabolism may be positive, since insulin resistance, assessed by HOMA index, remained unchanged in Lz-treated pubertal boys despite progression of puberty from median genital stages 1 to 4 during the treatment. Although differences between pubertal Lz-and Pl-treated boys in HOMA index were not detected, our findings are in line with previous findings on Lz treatment in boys with delayed puberty, in whom serum fasting insulin level decreased during treatment with Lz but not with Pl (12) . Together, these studies indicate that direct androgen effects do not contribute to development of insulin resistance in males during puberty. Instead, aromatisation of androgens to oestrogens and the subsequent stimulation of the GH-IGF-I system probably play a fundamental role. This concept is supported by the close connection between the rise and fall in insulin resistance assessed by the euglycemic hyperinsulinemic clamp technique, and the rise and fall in serum IGF-I level during puberty (5) . In our study, IGF-I as well as HOMA index remained at pretreatment levels during follow-up in Lz-treated subjects, who progressed in puberty, but no correlations appeared between these two measures.
Recent studies have indicated that the secretion of adiponectin is downregulated by androgens (36) , and that the decline in adiponectin level during puberty in healthy lean males is inversely associated with serum testosterone (32) . Interestingly, despite the substantially higher testosterone level in Lz-treated pubertal boys, adiponectin declined similarly in Lz-and Pl-treated pubertal boys during the treatment. Since adiponectin secretion is lower in obese children and adolescents than in their lean peers of corresponding age and pubertal stage (32) , this may be explained by the differential changes in body composition in the two groups: the decrease in relative FM may have protected the Lz-treated pubertal boys from a more profound testosterone-induced decline in adiponectin concentration. In theory, Lz-induced hyperandrogenism could predispose obese adolescent boys to hypoadiponectinemia, which has been connected with insulin resistance (37) , low HDL-C (17, 32) , non-alcoholic hepatic steatosis (38) , and recently, with signs of early atherosclerosis (18) . Therefore, cautious follow-ups of glucose homeostasis and liver function are warranted in obese pubertal boys if treated with an aromatase inhibitor.
In conclusion, in males during puberty, blockade of oestrogen biosynthesis with an aromatase inhibitor and subsequent stimulation of gonadal androgen production adversely affects lipid profile by reducing HDL-C. Therefore, careful follow-up of lipid profile is necessary in pubertal boys receiving aromatase inhibitor treatment. The treatment does not appear to influence insulin sensitivity adversely in lean subjects.
